The Superconducting Radio Frequency Test Accelerator, a linear electron accelerator currently in construction at Fermilab's New Muon Laboratory, will eventually reach energies of ∼ 900 MeV using four ILC-type superconducting accelerating cryomodules. The accelerator's construction is staged according to cryomodules availability. The first phase that will support first beam operation incorporates one cryomodule. In this Note, we summarize a possible design for the first-beam accelerator configuration.
I. INTRODUCTION
A superconducting linear electron accelerator currently undergoing construction in FNAL's New Muon Laboratory is planned to eventually reach energies up to 900 MeV using four superconducting ILC-type accelerating modules (cryomodules) [1, 2] . The facility's construction is staged and the initial phase, which will support first beam operation, consists of a ∼40 MeV photoinjector followed by one cryomodule (referred to as ACC1) yielding a maximum energy of ∼300 MeV, and the proposed layout is shown in Fig. 1 . The main goal of this Note is to detail a possible lattice configuration from ACC1's exit to the high-energy (HE) dump located ∼98 m downstream of the cryomodule exit.
The photoinjector will be capable of producing electron beams with variable charges and parameters [3] . The bunch could also be longitudinally compressed using a four-bend magnetic chicane. A telescope composed of four quadrupole magnets downstream of ACC1 allows for matching the beam's Courant-Snyder (C-S) parameters to the desired values at the cryomodule entrance. The ACC1 cryomodule, located 21.9 m from the photocathode, consists of 8 TESLA-type cavities operating with an average accelerating gradient of 32 MV/m.
Finally, a dispersive section starting at z=108 m will enable the measurement of the beam energy and energy spread before being directed to a high-power beam dump (placed at z=133 m).
In subsequent upgrade phases, additional cryomodules will be installed downstream of ACC1, as shown in Fig. 2 . Eventually the beamline will also incorporate beam manipulation devices for further bunch compression and phase space repartitioning. In the short term, a simple lattice is desired to transport the beam up to the high-energy (HE) spectrometer beamline.
II. CRYOMODULE-TO-HE LINE TRANSPORT
The beamline used to transport the beam between the cryomodule and the HE beamline should be simple, easily reconfigurable (e.g. to accomodate the 2nd and 3rd cryomodules when they are installed), and able to support the first set of planned experiments. It should also include provisions for beam diagnostics, especially transverse emittance measurements.
The design must incorporate a limited number of high-energy (HE) quadrupole magnets. A
FIG. 1:
The "first-beam" design, with only the first cryomodule in place."RF-Gun" is the photocathode gun, "L1" and "L2" are solenoid magnets, "CAV1" and "CAV2" are nine-cell RF accelerating cavities, "BC1" is the low-energy bunch compressor, "DL" is a dogleg to the low-energy experimental area, "ACC1" is the first cryomodule, and "FODO" is the FODO lattice.
FIG. 2:
Longer-term beamline configuration, once four cryomodules (ACC1-ACC4) become available. The beamline will most likely include a second bunch compressor "BC2", a third-harmonic cavity "CAV39", a transverse deflecting cavity "TDC", and three quadrupole magnets to be used for flat-beam transformations.
FODO lattice was chosen as it meets our requirements, can be assembled from the available beamline components, and is easily scalable for reconfigurations (e.g., when other accelerating modules become available).
Between the exit of the first cryomodule and the first dipole of the HE beamline, the lattice incorporates a total of twelve quadrupole magnets: (i) four to match the beam C-S parameters to the FODO lattice, (ii) four to actually comprise the FODO lattice, and (iii) four to match the beam to the desired C-S parameters at the spectrometer entrance. A schematic diagram of the FODO lattice appears in Fig. 3 .
Given the available length for the FODO lattice, the small number of allotted quadrupole magnets places onstraints on the betatron function. The minimum and maximum values of the betatron functions in the FODO cell can be parameterized as a function of the betatron the four quadrupole magnets that comprise the FODO lattice itself, and the four quadrupole magnets that match into the spectrometer. The "S" and "X" symbols respectively refer to the quadrupole magnet used for the quadrupole magnet scanned and the profile monitor used for the transverse emittance measurements.
phase advance per cell Ψ as [4] β max = w sin
(1)
where w is the half-period of the lattice. Tab. I shows the selected values for FODO lattice, and the maximum spot size for several normalized emittances and energies, and Fig. 4 presents β max and β min as functions of Ψ and w.
The transverse beam diagnostics place additional upper and lower boundaries on the betatron functions. The total beam size ∼ 8σ should fit within the field of view of the imaging system used to measure the beam size. In addition, the beam size should be at least twice as large as the resolution σ res of the beam size measurement method. These two constraints place limits on the lattice functions at the screen β screen
where d F oV is the field of view of the imaging system, σ res is the resolution of the measurement, γ is the beam's relativistic mass factor, and ǫ n is the transverse normalized emittance; these constraints are shown in Fig. 5 .
The C-S parameters entering the cryomodule-to-HE beamline depend on the cryomodule operating parameters as significant ponderomotive focusing occurs in the cryomodule. The transverse ponderomotive force [5] is given by where γm 0 c 2 is the total particle energy (γ is the lorentz factor), φ is the particle's phase with respect to the maximum accelerating phase, r is the distance from the cryomodule axis, e is the electric charge, E 0 is the average accelerating field, and χ i describes the harmonic content of the spatial field distribution. We take χ i ∼1 for a standing wave struture which is significant in the first accelerating cavities of the cryomodule as E 0 ≈ 32 MV/m and γm 0 c 2 ≈ 40 MeV. Therefore we should expect the C-S parameter to be significantly affected by the cryomodule parameters, e.g., its operating phase. Though we expect to never operate more than 30
• off-crest, we present more extreme cases in this Note to illustrate the robustness of our design. the particles are transported through the cryomodule. A divergent beam will therefore exit the cryomodule. This solution has the overall benefit of reducing the transverse focusing effect of the RF fields, which allows for more consistent behavior across varying peak fields and operating phases. The maximum (resp. minimum) value of the betatron function is determined by the size (resp. the resolution) of the transverse profile monitor used for beam size measurement. 
III. HE BEAMLINE
The HE beamline consists of a dispersive section followed by a beam transport line to the high-power beam dump. The purpose of this dispersive section is to measure the beam energy and energy spread. The dispersive section is composed of a dogleg with two dipoles of ± 15 deg; shown as D600 and D604 in Fig. 11 . Finally, six quadrupole magnets located downstream of the dogleg are used to defocus the beam on the dump window at (z=131 m). In a dispersive section the RMS beam size, at location s is given by
with σ δ is the fractional energy spread (FES). The right-hand-side approximation assumes that (η x σ δ ) 2 ≫ β x ǫ x . Considering a 5 cm diameter beampipe and given that 4σ of the beam should be contained within the beampipe's aperture, we find a limit of σ x ≤ 1.25 cm. The high dispersion point places a limit on the FES of σ δ ≤ 2% (RMS). As a comparison, a cryomodule with accelerating voltage V operated with an off-crest phase φ results in a RMS correlated energy spread σ δ f
where σ δi is the initial FES, k ≡ 2π/λ is the wave vector modulus, σ zi is the initial RMS bunch length, E i is the initial energy, e is the electron charge, and φ is the accelerating phase with 0 corresponding to on-crest. Final energy sread is shown as a function of operating phase for various bunch lengths in Fig. 13 .
IV. PERFORMANCE STUDIES
The performance of the designed lattice has been checked for several operating phases of phases. For optimal behavior, the quadrupoles should be rematched when the phase of the cryomodule is changed to account for the different RF-focusing, but even at 30
• off-crest the deviation from the proper FODO behavior is small (Fig. 15 ) and the spot size at the beam dump is within 10% of the on-crest behavior. Since the rematching would require an iterative procedure involving several emittance measurements, it is more appealing from the operational stand point not to have to rematch.
V. TRANSVERSE EMITTANCE MEASUREMENTS
Downstream of ACC1, the beam's transverse emittances are foreseen to be measured using the quadrupole magnet scan method [6] : a quadrupole magnet's field will be scanned and the beam size recorded on a downstream optical transition radiation (OTR) viewer or scintillator screen [7] ; see Fig. 3 . The OTR beam profiling system, to be constructed by RadiaBeam Technologies to Fermilab's specifications, is characterized to have a 14 µm and the screen is the smallest at the middle of the scan, i.e. when the quadrupole magnet's field strength k 1 is set to 0, and reduces the effect of error.
The quadrupole magnet scan method was simulated in elegant [9] by scanning the strength of the first quadrupole magnet of the FODO lattice and recording the RMS beam size at the location of the profiling system. From the spot size and the strengths of the quadrupole magnets, we are able to recover the beam emittance at the exit of the cryomodule using a least-squares fit method.
To account for resolution effects we, quadratically add the resolution to the simulated beam sizes.
We simulate possible statistical error from many potential sources by adding a random fluctuation to the beam size
where ∆ is the relative amplitude of the statistical uncertainty and ζ is a random variable following a Gaussian distribution with variance of 1.
As a first case we simply took the nominal beam line settings and scanned the quadrupole 
is solved by a least-squares fit to recover α meas , β meas and ǫ meas , where R 11 are R 12 are the x-x and p x -x transfer matrix elements, respectively, which are related to the strengths of the quadrupole magnets used in the scans. The initial parameters α 0 , β 0 and ǫ 0 are compared with the inferred beam from the simulation of the measurements α meas , β meas and ǫ meas .
The figure of merit Fig. 18 . For these simulations, σ res = 20 µm.
Our calculation follows that derived in Ref. [6] using the uncertainty equal to the resolution, ∆σ = 20 µm. gives an indication of what type of statistical variation we can expect in our measurements (Fig. 19) . 
